• The Magnum-PSI facility is available for plasma-material interaction studies.
Introduction
The development of a solution for the removal of heat and particles from the reactor is a key area of presentday fusion research, as it determines the performance, lifetime and safety of future fusion power plants. An important contribution to this research is provided by linear plasma generators, which can address the complex physics of plasma wall interaction in a systematic way, with controlled plasma parameters, flexible target geometry and good diagnostic access. The linear plasma facility Magnum-PSI is capable of exposing materials to steady state plasma conditions similar to those foreseen in the ITER and DEMO divertor strike zones: 10 23 .
In addition, the machine is capable of reproducing the transient heat and particle loads, with powers up to 1 -2 , as they occur during Edge Localized Modes (ELM) [2] . This combined plasma and heat loading can be used to study the synergistic damaging effects on a target material. Transient plasma loading can also be compared to laser loading using a high-power welding laser (LASAG FLS 352-302) to generate 0.1-3 ms heating pulses on the target. As such, Magnum-PSI, together with other linear plasma generators and laboratory heat facilities [3] are deemed essential to predict plasma facing component (PFC) performance at high particle fluence (> 10 27 D + m -2 ) and high number of thermal cycles (>10 6 ELM-like events) within the EUROfusion consortium [4] .
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These operations at high magnetic field strengths and over long time durations are achievable since the installation of the superconducting magnet at the start of 2017. Since then, an examination of the new capabilities of the machine was carried out. In this contribution, the operational regime and experimental capabilities of Magnum-PSI are presented.
Experimental setup
To reach the required ion flux, a certain gas flow is needed, depending on the ionization degree of the plasma source. This gas flow can be as high as 20 standard liter per minute (slm). However, the neutral pressure near the target material should be almost entirely due to ions which are neutralized at the target plate and not due to neutrals coming directly from the source. This is achieved by using a three stage differentially pumped vacuum system [5] which minimizes the neutral influx to the target region while leaving the plasma beam undisturbed.
This results in a neutral pressure in the target region during plasma exposure between 0.1 and 0.5 Pa, depending on the machine settings. The base pressure without gas injection is 2x10 -4 Pa. In Figure 1 a schematic overview of the Magnum-PSI vacuum vessel is given. The three water cooled vacuum chambers are enclosed by the superconducting magnet (not shown). The first chamber as seen from the right holds the movable plasma source. The movement of the plasma source makes it possible to change its position with respect to the first skimmer. The magnetized plasma beam flows through the first skimmer into the beam dump chamber where a water cooled beam dump can be placed between the plasma beam and the target. In this way the length of the target exposure can be set without switching off the plasma source or adjustment of the source parameters to the desired settings without exposing the target surface. In the third chamber the target material is exposed to the plasma beam. Each chamber is pumped with a separate pump combination consisting of two roots pumps and a backing pump with variable pump speeds up to 20.000 m . Additionally, seeding gases (H2, D2, He, N2,
Ne, Ar…) can now be introduced to this third chamber to adjust the neutral background pressure and composition at will, enabling detachment and seeding experiments [6] . By using this differential pumping scheme, the neutral pressure in the target region is low enough that the dominant source of neutrals in the final chamber is dominated by recycling from the target [7] and the plasma beam is transported from the source to the target with minimal losses. The magnetic field is generated by a superconducting magnet consisting of five NbTi superconducting solenoids wound on a 2.5 m long stainless steel coil former positioned in a cryostat offering a 1.25 m warm bore [8] . The coils generate a plateau shaped magnetic field adjustable up to 2.5 T while the distance between the coils allows for 16 room temperature view-ports. The coils are cooled with liquid helium using a re-condensing system operated with cryocoolers, while the magnet system can be adjusted between any chosen field at will using high-temperature superconducting current leads. The superconducting magnet makes extremely high fluence exposures possible while the large warm bore leaves enough room for diagnostics.
A key benefit for linear plasma devices is their good accessibility and large number of diagnostic windows which allows for many different plasma and surface diagnostics to be installed. The most important plasma diagnostic is Thomson scattering (TS), which determines the electron density and temperature profiles downstream from the source exit and directly in front of the target with a spatial resolution of 1.6 mm [9] . Magnum-PSI is capable of handling large targets, up to an area of 0.12 x 0.6 m 2 and weight of 20 kg. The Large Target Holder is highly flexible and can be tilted to very low angles (<3°), replicating the incidence angles of plasma onto the target material in a fusion reactor. Additionally a second target holder is available which can accommodate up to five samples of dimensions <40 mm diameter and 10 mm thickness, exposing each in turn at normal incidence to the plasma. This Multi-target Holder enables fast sample throughput without breaking vacuum to exchange samples each time. After plasma exposure, the target holder is retracted to the Target Exchange and Analysis Chamber (TEAC). Here, the connection to an ion beam line enables ion beam analysis to locally probe material composition and obtain elemental depth profiles without breaking vacuum, for instance to investigate fuel retention in nuclear fusion reactor walls. Laser-Induced Breakdown Spectroscopy (LIBS) is also available in the TEAC to determine elemental concentration as a function of depth post-mortem in vacuo [12] .
Operational space characterization

Experimental results
The measurements presented here are performed with an electrically floating target, typically made of W, in 
assuming adiabatic flow with isotropic pressure (γ=5/3), equilibration between electrons and ions (Te=Ti), and a density drop of a factor 0.5 in the pre-sheath, i.e. between the measurement location and the target. The heat flux to the target is calculated by:
where Vs = kTe/e ln(4ci/ce) = 0.5 ln[(2π me/mi )(1+γTi/Te) is the sheath potential drop for which we assume ci = cs, and the pre-sheath potential drop Vps = ln(0.5) kTe/e, χi =13.6 eV, χr = 2.2 eV are the ionization and dissociation energy of hydrogen, and Ri,E = 0.40 and Re,E = 0.15 are the ion and electron energy reflection coefficients and Rn = 0.40 the neutral reflection coefficient for W [14] . The arrows indicate the trends for increasing the depicted parameter while keeping the others constant, e.g. an increasing magnetic field leads to higher ne and Te values.
More details are given in Sec. 3.2. 
Linear Regression Analysis
In order to gain insight in the general behavior of plasma conditions as a function of the main machine settings, we fitted the data using a scaling law of the form: 
The exponents in Eqs. 4 were used in Figure 2 to determine the length and direction of the arrows indicating the single-parameter trends. For B and I, the arrows compare relatively clearly with the observable trends in the raw data, but for Γ, the trend found by the scaling law is completely hidden in the raw data by changes in B and
I.
The quality of the scaling law fit is assessed in Figure 3 , where the measured ne (a) and Te (b) are plotted as a function of the values predicted by the scaling law. The fits are able to reproduce the experimental data within a factor 10 ±0.22 (+64%/-39%) for density and 10 ±0.12 (+30%/-23%) for temperature (rms), with R 2 values of 0.75 and 0.65 for ne and Te respectively. This larger error compared to the reproducibility and accuracy uncertainties of the TS measurements is most likely due to the fact that different regimes in the operating space may exhibit locally different proportionalities between machine settings and plasma parameters. For example, a specific atomic or molecular process may dominate the plasma in one region of parameter space but can be absent in other regions. Different processes will respond differently to changes in machine settings as is common with scaling laws. Hence, the scaling laws capture the overall performance of our machine but not individual regimes.
Moreover, as scaling laws combine different physical dependencies, specific regime dependent physical dependencies can be lost. This is reflected by analyzing the difference between the ionization regime and recombination regime for the same data set.
If the peak electron temperature is below 1 eV the recombination process generally dominates and if it is larger than 1 eV we assume that ionization is the dominant process. Hence, using this criteria, we can split the data into two data sets, separating approximately ionization from recombination. This resulted in 80% of the data points corresponding to ionization and 20% to recombination used in the original scaling law. 
It can be seen that the plasma parameter dependence on source gas flow depends strongly on the regime of machine operation. On the other hand, the other parameter dependences are more robust. In the ionization phase it is expected that an increase in gas flow will lead to ionization of a large fraction of the added neutrals, causing an increase in plasma density which is reflected by (5a). Conversely, in the recombination phase, the addition of more neutrals principally increases plasma-neutral cooling effects which will decrease the electron temperature and enhance the recombination rate, resulting in a lower plasma density which is reflected by (6a).
Hence, Eqs. 4 only summarize global trends in the existing data-set, and the large proportion of measurements with peak > 1 eV implies the scaling may be biased towards describing ionization plasmas.
The scaling laws also show that the density in both the ionization phase and recombination phase depends strongly on the current. Analyzing the data in detail shows that this current dependency is not an artifact of the regression analysis but an relationship existing in the actual data. In consecutive discharges in which both the flow Γ and magnetic field B are kept constant and only the current I is varied this trend is reproduced independently. It was shown in [15] that ne at the cascaded arc source exit in Pilot-PSI was linearly proportional to input power at fixed Γ and B. Assuming similar performance here would indicate that this phenomenon is therefore primarily related to atomic processes and collisions in the plasma beam between the source exit and the downstream TS measurement position. Elucidating this relationship more clearly is a goal of future research. 
Data fitting using artificial neural networks
The linear regression in log-log space is in principle fitting to a product of one-term exponential functions in multiple dimension, which cannot map all complexity of the data. In order to be able to do this, alternative methods can be used [16, 17] . In this study we implemented the artificial neural network (ANN), which is a flexible method that does not require a model a priori, and can map the complexity of data with a high accuracy [16] . More information about how the ANN method was applied here can be found in the Appendix. The ANN fitting results in Figure 4 show that by increasing the magnetic field, both ne and Te rise, consistent with Eq. 
Characterisation of ELM-like pulses in Magnum-PSI
Magnum-PSI is equipped with a high-repetition rate ELM replication system [2] . On top of the steady state source current, a capacitor bank system, consisting of 28 identical sections, can be discharged through the plasma source to produce transient plasma pulses with high heat and particle fluxes. This capacitor bank system allows for high repetition pulses (>100 Hz The temperature and density of each pulse type was measured using time resolved TS [9] , measuring a TS spectrum at 50 different timings (relative to the pulse trigger) on a train of 50 identical pulses. The target was retracted far back from the TS position to avoid influencing the pulse characteristics.
The shape of the pulses was found to be independent of B and Γ, but to vary significantly with the capacitor bank voltage U. Figure 6 shows the pulse shapes for both density and temperature for three different voltages U = 400, 1200 and 2000 V. The density pulses are more elongated in time than the temperature pulses, with higher voltages giving longer pulses. The maximum achieved temperature in each pulse does not necessarily coincide with the maximum density.
The maximum temperatures and densities achieved in the database varied from 3-18 eV and 1. 
High fluence experiments
The updated capabilities of Magnum-PSI enable new venues of exploration, at higher fluence, higher fluxes and with new diagnostic capabilities than were previously possible. As an example of the high-fluence capabilities a water-cooled monoblock chain identical to that used in [18] was exposed to a variety of plasma conditions in Magnum-PSI, including H, He, D and D+He plasma (89:11 gas ratio). In the longest (D) exposure this target received a fluence of 1.01×10 30 m -2 while also matching the expected DT-phase operating temperature of 1200 °C [19] . This enabled for the first time experiments to probe lifetime performance of the monoblock, comparable to ITER conditions and with similar electron and ion temperatures as would be expected at the strike points during operation. The total fluence was equivalent to around 12 months of ITER operation [19] , achieved in 19.7
hours (Figure 7 ). The full results will be published elsewhere. 
Conclusions
The operational regime of the linear plasma generator Magnum-PSI has been explored after the arrival of the . This, combined with the ability to maintain these conditions for hours on end, make the facility highly relevant for plasma wall interaction studies for fusion reactors such as ITER and DEMO. Linear regression and artificial neural network analysis have been used to gain insight in the general behavior of plasma conditions as a function of machine settings. Both techniques yielded similar results. On top of the steady state operation, a capacitor bank system can be discharged through the plasma source to produce transient plasma pulses with high heat and particle fluxes.
